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Abstract

Kernouvé is an H6 chondrite that experienced a very small degree of late stage shock loading (S1). However, Kernouvé
contains Fe-Ni metal vein-like structures, whose formation have been attributed to an early impact event. To establish the
formation conditions of metal veins in Kernouvé, we examined the three dimensional (3D) arrangement of metal vein-like
structures and typical metal grains in two samples of Kernouvé with X-ray microtomography (uCT) at resolutions of
~11 pum/voxel. We additionally investigated the 3D structure of the porosity present in Kernouvé using pCT at two different
resolutions (~3 and ~11 pm/voxel). These data and optical microscopy support the hypothesis that Kernouvé has experi-
enced little post-metamorphic shock. However, the moderate 5.8 vol.% porosity of Kernouvé is in the form of intergranular
voids rather than cracks, which indicates any cracking that may have existed in the relatively brittle silicate grains was
annealed. We estimate that 70-80% of the primordial porosity in Kernouvé was removed by impact-related compaction.
Moreover, we found no collective orientation of metal grains, so high metamorphic temperatures following compaction
erased any common orientation of metal grains due to compaction. We propose that the metal vein structures can be
explained as a pre- or syn-metamorphic shock-induced process, which we infer was primarily shear deformation, with some
uniaxial compaction also occurring. The coarse metal veins probably formed by accumulation of ductile metal grains along
shear zones, a process that would have been facilitated by having an already warm H chondrite parent body when shock
occurred (i.e., syn-metamorphic shock). The complexity of shape, including numerous tendrils expanding from the primary
structure, of the veins in Kernouvé is likely due to the coalescence of metal by metamorphic growth after the shear event.
The metal veins in Kernouvé thus appear to record evidence for early, shock-induced metal mobilization and the maximum
shock pressure experienced by Kernouvé may have been <21 GPa. Our study suggests that collision-induced segregation of
metal occurred at an early stage in low-gravity planetesimals, consistent with the idea that this process could have been impor-
tant for the differentiation of such objects.
© 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Throughout the history of our solar system, impacts
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of asteroids. The effects of these impacts can be found in
the meteorites which have been delivered to Earth-crossing
orbits and later collected. The primary quantifiable effects
within meteorites include textural evidence for shock and
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radiometric evidence of the heating which, depending on a
rock’s specific provenance, can accompany the impacts.
The majority of ordinary chondrites, the most abundant
type of meteorite on the Earth, contain some evidence of
shock loading. However, occasionally chondrites appear
to have largely escaped the effects of intense, late stage (sig-
nificantly post metamorphic) shock events. They are classi-
fied as S1, the lowest shock stage, that experienced peak
transient shock pressures <5-10 GPa (Stoffler et al.,
1991), and show no obvious signs of later stage heating
which would accompany impact processes. One of the best
examples of a weakly shocked meteorite is the Kernouvé
(H6 S1) ordinary chondrite. It is widely known to exhibit
few traditional signs of late stage shock loading (Stoffler
et al., 1991; Schmitt, 2000; Reisener and Goldstein, 2003;
Rubin, 2004), and it has a very old PAr-4OAr age of
4.46 Ga with no signs of heating past that time (Turner
et al., 1978). Kernouvé shows systematic changes in closure
ages for different chronometer systems, consistent with slow
cooling following thermal metamorphism, suggesting that it
was not disturbed by shock reheating after metamorphism
(Trieloff et al., 2003; Kleine et al., 2008).

Although weakly shocked, an intriguing aspect of Ker-
nouvé is the presence of large, cm-scale, Fe-Ni metal veins.
Metallic veins in ordinary chondrites, like those found by
petrographic thin section and hand specimen inspection
of Kernouvé, have often been attributed to impact or shock
processes on the parent body (Turner et al., 1978; Michel-
Lévy, 1981; Hutson, 1989; Rubin, 1992, 2003, 2004; Leroux
et al., 1996; Hutchison et al., 2001). Although Kernouvé
does contain metal veins, these are not the silicate-rich
“opaque” shock veins of Stoffler et al. (1991), i.e. they are
not unambiguous indicators of shock. But this leaves a
conundrum: how can one have impact-induced metallic
veins within a sample that exhibits few traditional signs of
shock loading? Both Hutson (1989) and later Hutchison
et al. (2001) suggested that the vein formation occurred
early in the history of the H chondrite parent body, prior
to thermal metamorphism.

Here, we investigate the nature of the Fe-Ni metal vein
formation process in Kernouvé. We use X-ray microtomog-
raphy to examine the nature of the porosity within Ker-
nouvé, which is known to give information on the impact
history of ordinary chondrites (Friedrich et al., 2008a,b;
Friedrich and Rivers, 2013). We can also examine the de-
gree of compaction that Kernouvé experienced to further
constrain its late stage shock history. Finally we examine
the three dimensional (3D) structure of the veins in two
samples of Kernouvé to examine the hypothesis that Ker-
nouvé experienced a pre-metamorphic impact event. From
this evidence, we show that shear deformation during an
early impact event is the most likely scenario for the forma-
tion of metal veins in Kernouvé. This has implications for
the dynamic evolution of small bodies in the solar system,
as well as for core-formation processes on differentiated
asteroids. Shear deformation can facilitate metal-silicate
segregation by differentiating metal and silicates through
either the concentration of metal between silicates during
plastic flow (Bruhn et al., 2000; Groebner and Kohlstedt,
2006; Hustoft and Kohlstedt, 2006) or metal concentration

by localization within the cracks of brittle silicate grains
(Rushmer and Petford, 2011).

2. SAMPLES AND METHODS
2.1. pCT imaging and petrographic analysis

Sample details are shown in Table 1. Two larger samples
of Kernouvé (Sample 1, AMNH 470 subsample; and Sam-
ple 2, USNM 359 subsample) were examined with pCT. To
better establish the shock history and nature of porosity in
Kernouvé, we also examined three smaller chips of AMNH
470 (chips 1-3, see Table 1) with the same technique, but at
a higher resolution.

Sample 1 was imaged at a resolution of 11.2 pm/voxel (a
voxel is a 3D volume element, akin to a 2D pixel) at the
American Museum of Natural History with a GE phoenix
v|tomel|x s240 pCT system. Operating with a polychromatic
X-ray tube at 80 pA and 135 keV, a 0.1 mm Cu filter was
placed between the X-ray tube and sample to reduce imag-
ing artifacts such as beam hardening. Sample 2 was imaged
at a resolution of 11.9 um/voxel with monochromatic
50 keV X-rays using the 13-BMD beamline located at the
Advanced Photon Source (APS) of the Argonne National
Laboratory. These resolutions are known to be adequate
for observing the morphology and size distribution of metal
and sulfide grains in ordinary and other chondrites as well
as examining porosity structures in partially compacted
samples (Ebel et al., 2008; Friedrich et al., 2008a,b; Sasso
et al., 2009; Beitz et al., 2013). From the 3D datasets, fea-
tures can be visibly identified and digitally isolated for
quantitative examination, and 2D slices (tomograms) can
be extracted.

Kernouvé chips 1-3 were imaged at a resolution of
2.74 um/voxel with 40 keV monochromatic X-rays at the
same APS beamline as above. Imaging ordinary chondrites
at this resolution has been shown (Friedrich and Rivers,
2013) to be sufficient to image the total known porosity
contained within them and to give porosity results compa-
rable with ideal gas pycnometry (e.g., Macke, 2010). This
data is useful for establishing the impact history of a rock
(Friedrich and Rivers, 2013).

We examined two petrographic thin sections of Ker-
nouvé (USNM 1054-1 and a sample derived from USNM
359 that was ultimately used for separate TEM study)
and confirmed its classification as shock stage S1 in the
scheme of Stoffler et al. (1991). This was accomplished by
optical light microscopy of olivine grains using the criteria
of Jamsja and Ruzicka (2010), based on the works of Stof-
fler et al. (1991), Schmitt and Stoffler (1995), and Schmitt
(2000). The technique of Jamsja and Ruzicka assigns a
shock stage to each suitable grain. Based on these observa-
tions, 74 olivine grains (89.2%) in Kernouvé conformed to
shock stage S1, seven grains (8.4%) to S2, one grain each
(1.2%) to S3 and S6, and no grains to S4 and S5. By the
convention established by Stoffler et al. (1991) whereby
the overall shock stage corresponds to the highest level
shown by at least 25% of the grains, Kernouvé is clearly
shock stage S1.
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Table 1

Sample information, data collection details, and X-ray microtomography derived physical and compositional properties of five Kernouvé (H6

S1) chondrite samples.

Sample Mass pCT resolution Volume imaged Bulk density Porosity Metal Sulfide
(mg) (nm/voxel) (mm?) (g/em®) (vol.%)* (vol.%) (vol.%)

Sample 1 4740 11.21 519° - 3.46 6.71 4.62

(AMNH 470)

Sample 2 735.7 11.88 209 3.52 5.31 6.86 4.61

(USNM 359)

Chip 1 37.65 2.74 10.43 3.61 5.94 6.71 2.97

(AMNH 470)

Chip 2 33.42 2.74 9.55 3.50 4.81 7.75 3.98

(AMNH 470)

Chip 3 22.11 2.74 6.09 3.63 6.57 10.18 3.61

(AMNH 470)

# uCT visible porosity only.
® The entire volume of Kernouvé Sample 1 was not imaged.

2.2. Digital 3D methods

Digital data extraction and visualization was accom-
plished with the software BLOB3D (Ketcham, 2005) and
ImageJ, an open source software package. With BLOB3D,
we are able to quantify the abundance of porosity and other
phases in our samples through their digital isolation in 3D
space. These separated components can then be projected
using ImagelJ. Friedrich et al. (2008a) demonstrated that
the errors involved with quantifying each phase in chon-
drites with pCT and digital data extraction are <6%. Metal
vein structures were easily distinguished from the smaller,
more typical, isolated H chondrite metal grains because
of their large size and completely interconnected nature.

Three-dimensional quantification of the petrofabric
within Kernouvé was accomplished by methods analogous
to Friedrich et al. (2008a). In short, the metal grains within
a sample are digitally isolated and best-fit ellipsoids are
drawn around each. Using a variation of the orientation
tensor method, the natural logarithm of the ratio of major
over minor eigenvalues of the ellipsoids are computed to
yield a strength factor C (Woodcock, 1977; Woodcock
and Naylor, 1983). This is similar to but more general than
the vector mean (or more specifically, resultant percentage)
degree of preferred orientation (R%) that was used in Fried-
rich et al. (2008a); however, the resulting graphical data ap-
pear identical for these samples. For this work, the higher
the strength factor C, the greater the common orientation
of the metal grains in the sample and the greater the com-
paction/shock loading apparent in the material volume un-
der investigation.

3. RESULTS

We first use our data to establish the late stage impact
history of Kernouvé. We will examine the porosity, degree
of metal grain orientation, and petrographic observations.
We will then examine the nature of the metallic veins and
other metal phases within Kernouvé.

3.1. General observations

Typical tomograms, or 2D slices, from the greater 3D
datasets of Samples 2 and 1 are shown in Figs. 1 and 2.
In these, different mineralogical phases and porosity are
identifiable and can be digitally isolated. Our high-resolu-
tion data for the small chips clearly show the presence of
intergranular porosity that is comparable to the size of lar-
ger metal and sulfide grains (Fig. 1). Our data for the larger
AMNH and USNM samples also clearly show the presence
of metal veins that largely cross-cut the volumes of these
samples (Fig. 2). These metal veins appear to be locally dis-
continuous in the tomograms (Fig. 2) but connect in the
third dimension (see Electronic Annexes EA-1 and EA-2).
No sulfide veins were found.

3.2. Fe-Ni metal and sulfide abundance and structure

The digital extraction techniques described in Section 2.2
allow the quantity of Fe-Ni metal present in our pCT
volumes to be quantified with accurate results (e.g.,
Friedrich et al., 2008a). Using the H chondrite fall data
of Jarosewich (1990) and using a reasonable density for
chondritic Fe-Ni metal, H chondrites possess a total metal
volume of 7.3 £ 0.7 vol.% (mean and l¢ standard devia-
tion). Our larger samples, including the metal veins, have
total metal volumes of 6.71 and 6.86 vol.% (Table 1). Our
smaller chips possess more deviation, a range of 6.71—
10.18 vol.%, which bracket the values of the larger and
therefore more representative samples. Using the total
amount of metal within a sample as an indicator, our larger
Kernouvé samples well represent a typical H chondrite. The
same is true for sulfide abundance. Also, when the large me-
tal veins are excluded from consideration, both metal and
sulfide grain size distributions are consistent with previous
size distributions for equilibrated H chondrites investigated
by our group (Sasso et al., 2009). So overall, we find that
the total metal volume (typical metal grains and vein metal
in the larger samples) in our Kernouvé samples and chips is
typical of H chondrites.
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Kernouvé chip 2
(AMNH 470)

sulfide

Fig. 1. A typical tomographic “slice” of chip 2 of the Kernouvé H chondrite collected at a resolution of 2.74 um/voxel. Table 1 contains
additional sample and data collection details. Higher mean atomic weight materials are indicated by brighter grayscale values. The (brightest)
Fe-Ni metal grains and moderate grey FeS can easily be identified in between the darker silicate material. Black porosity or void spaces
among the silicate minerals can also easily be visually distinguished. The 5.8 vol.% porosity in Kernouvé is present as intragranular voids

rather than as pm-sized cracks.

Kernouvé (H6 S1) sample 1 (AMNH 470)

Fig. 2. A typical tomographic “slice” of Sample 1 of Kernouvé collected at a resolution of 11.2 um/voxel. See Table 1 for additional sample
and data collection details. The metal vein visible here crosscuts the entire sample. Note that the metal in the vein is not associated with FeS.
This figure shows an orthogonal cross section (looking down from the top of the figure — note the positions of the cut surfaces) of the lower

metal vein structure shown in Fig. 4.

We examined the orientation of the metal grains within
Kernouvé. Fig. 3 shows that metal grains in Kernouvé do
not possess significant preferred orientation, and have one
of the lowest degrees of preferred orientation of any chon-
drite (Fig. 3). Although not shown, sulfide grains in Ker-
nouvé also lack obvious preferred orientation. However,
among the entire suite of samples we have examined, there
is a general correlation between shock stage and degree of
preferred orientation of metal grains (Fig. 3), consistent

with the idea that metal grains in chondrites became aligned
during shock: such preferred orientation of metal and
chondrules in chondrites has been interpreted to be the re-
sult of shock compaction (Friedrich et al., 2008a and refer-
ences therein), and has been experimentally reproduced by
shock loading (Nakamura et al., 2000). The pCT data for
Kernouvé are consistent with optical petrography and sug-
gest that the meteorite was not significantly shock
compacted.
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Fig. 3. Degree of preferred orientation of metal grains (given by the strength factor C, see Section 2.2) versus shock stage in equilibrated
ordinary chondrites. Kernouvé has little common orientation of metal grains at present. Data here incorporated LL, L, and H chondrites,
expanding the scheme from Friedrich et al. (2008a), which investigated only L chondrites. In this plot we have excluded the data for Leonovka
due to a questionable shock state assignment — the thin section used for this sample in the earlier work was an older, glass-covered section
which yielded suspicious and inconsistent results (see Friedrich et al., 2008a).

metallic vein
Kernouvé
(sample 1)

Fig. 4. 3D visualization of metal vein structure in Kernouvé (AMNH 470), consisting of two separate metal structures that trend in the same
direction but are offset. Views are rotated 90° on a vertical rotation axis; a “face on” view is shown at left and an “edge on” view at right. The
complexity of shape and degree of interconnectivity suggests a pre- or syn-metamorphic origin for the metallic vein structures. A cut surface
occurs at the left side of the vein when seen in the 0° rotation view. A 3D rotating view of this figure can be found as EA-1.
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metallic vein
Kernouvé (sample 2)

Fig. 5. 3D visualization of a metal vein structure in Kernouvé (USNM 359) consisting of two separate metal grains. Views are rotated 90° on
a vertical rotation axis; a “face-on” view is shown at left and an “edge-on” view at right. As with the vein in Sample 1, the metal has
complexity of shape and a high degree of interconnectivity. Tendrils of metal extend into the host meteorite away from the vein. A 3D rotating

view of this figure can be found as EA-2.

The 3D structure of metal veins in our Kernouvé sam-
ples are shown in Figs. 4 and 5 (also see Electronic Annexes
EA-1 and EA-2). The vein structures are each completely
bounded by the tomographic volumes, i.e. entire vein struc-
tures are contained within our respective tomography
stacks. Each vein has a striking complexity of shape: the
veins are actually contiguous vein-like sheets with added
tendrils of metal material adhering. In 2D, these tendrils ap-
pear as scalloped protrusions.

The vein in Sample 1 is discontinuous with the two por-
tions appearing to be offset, but parallel in overall direction.
Sample 1 veins and connected tendrils together are 10.3 mm
long (6.2 and 2.8 mm individually, with a ~1 mm gap, see
Fig. 4 and EA-1) with a greatest width of 3.3 mm and typ-
ical depth of ~1 mm. Sample 2 also contains two discontin-
uous veins of similar proportions and structure. The vein
structure in Sample 2 has greatest dimensions of
6.2 x 2.9 mm with a variable depth of 0.4 to 1.5 mm.

Rubin (2003) observed that silicate peninsulas between
the metal vein tendrils in Kernouvé possessed a preferred
orientation (cf. Fig. 2). Although we have no quantitative
data to support our claim, our 3D observations do not indi-
cate this to be the case. Examined from the perspective of
the metal veins, amoeboid protrusions from our metallic
veins do not seem to possess a preferred orientation (Figs. 2,
4 and 5).

We do not know if the metal veins in the AMNH and
USNM samples are coplanar or even if they are parallel.
Nor do we know how the orientation of metal veins

reported for Kernouvé in a Natural History Museum Lon-
don (NHM) specimen (Hutchison et al., 2001) compares to
those in our samples. Hutchison and coworkers (2001) indi-
cated that the NHM Kernouvé specimen contains a vein
structure that extends for 11 cm, roughly 10 times the lon-
gest vein-like structure observed with our 3D techniques.
However, the metal veins in our samples have a similar
dimension and appearance, and we suspect that they were
originally parallel if not also co-planar in the Kernouvé
meteorite, like the 30 cm long vein structure seen in the But-
sura meteorite and the above mentioned 11 cm veins in
Kernouvé (Hutchison et al., 2001).

3.3. Density, porosity, and physical properties

There have been numerous previous examinations of the
physical properties of the Kernouvé H chondrite with
which we can compare our results. An early petrography-
based determination of the porosity by Michel-Lévy
(1978) (also see Michel-Lévy and Ragot, 1971) found that
the macroporosity (defined by them as voids >10 pm in
size) was 4 vol.%, and an upper limit of the total porosity
of Kernouvé was placed at 9 vol.%. Britt and Consolmagno
(2003), citing density measurements from several research-
ers and a variety of measurements including Wilkison and
Robinson’s (2000) measured bulk density of 3.65 g/cm?
for a 98 g piece of Kernouvé (Field Museum ME 1484), re-
ported a model porosity of 5.3 vol.%. Using the technique
of ideal gas pycnometry and an Archimedean bead method,
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porosity
Kernouvé (sample 2)

Fig. 6. The structure of porosity in Kernouvé. Porosity in Kernouvé is located in larger intergranular spaces and small voids rather than
microcracks. These voids are not interconnected and do not appear to be currently related to the location of metal veins. From top to bottom

the sample measures approximately 10.5 mm in total height.

Macke (2010) examined three samples of Kernouvé: two
from the Vatican meteorite collection (curation numbers
499 and 1379) and one mass from the AMNH (AMNH
470). Although the subsample of AMNH 470 (different
than the subsample used for this study) was too large
(148.1 g) for porosity measurement, its bulk density was
found to be 3.50 + 0.04 g/cm®. Bulk density measurements
of the smaller Vatican samples (29.7 and 18.0 g) respectively
yielded 3.40 +0.03 and 3.65 + 0.07 g/fem®. Although the
bulk densities of the Vatican samples are comparable with
H chondrites in general (Consolmagno et al., 2008),
Macke’s (2010) determined porosities (9.7 + 1.1 and
2.5 £ 2.0 vol.%) were scattered, with a mean of 6.8 vol.%.

Our determined physical properties for Kernouvé sam-
ples compare well with previously studied samples. Mean
PCT-visible porosity within our larger samples is
4.4 4+ 1.3 vol.%. This is nearly identical to the 4 vol.% deter-
mined by Michel-Lévy (1978), who examined porosity at
nearly the same resolution (=>~10 um) as our puCT work.
The slightly lower value of porosity derived from pCT com-
pared to that of the reliable mean 6.8 vol.% pycnometry va-
lue (Macke, 2010) is also consistent with previous studies
that used both techniques and can be explained by the pres-
ence of voids smaller than the imaging resolution (Friedrich
et al., 2008b; Sasso et al., 2009). We also examined three

smaller chips at a higher pCT resolution. Results for total
porosity at 2.74 pm/voxel yielded a higher porosity value
of 5.8 + 0.9 vol.% (Table 1), which compares well with both
the Macke measurements and the Britt and Consolmagno
(2003) model porosity. We take our 5.8 vol.% measured
porosity to be a good value for the total porosity in the
Kernouvé chondrite. Our bulk densities also agree well with
those previously determined, even for the smaller chips —
our determined bulk density ranges from 3.50 to 3.63 g/
cm’®, with the largest sample (Sample 2) giving a value of
3.52 g/em®. Bulk densities vary in the smaller chips with
porosity and metal content as expected (Table 1).

Overall, the Kernouvé material used in this study seems
representative of the Kernouvé chondrite in general and
compares well with typical H chondrite material: the mean
porosity and density of H chondrite falls is 7.0 £ 4.9 vol.%
and 3.42 +0.18 g/em’, respectively (Consolmagno et al.,
2008). More important for this study, the structure of the
porosity in Kernouvé is significant: porosity is contained
in intergranular spaces rather than microcracks (Figs. 1
and 6). This indicates that the meteorite was incompletely
compacted, as larger, mm-sized voids would certainly col-
lapse during a significant shock event. Thus the meteorite
experienced a very mild late stage uniaxial impact history.
Additionally, no relationship exists between the current
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location of the porosity and the metal grains or larger metal
vein structures.

4. DISCUSSION
4.1. Summary of previous studies of Kernouvé

Before we begin consideration of our newly acquired
data, we will first examine some previous studies that have
considered the Kernouvé H6 S1 chondrite, which has been
examined by numerous investigators. We summarize the
evidence and general conclusions below.

Michel-Lévy (1978, 1981) and a coworker (Michel-Lévy
and Ragot, 1971) suggested that metallic veins in Kernouvé
formed as a linear accumulation of metal due to a tectonic
disturbance. These workers suggested that Kernouvé
“recrystallized” (which can be interpreted as “metamor-
phosed”) largely undisturbed after a 4.54 Ga event recorded
as an “°Ar-Ar age (Turner et al., 1978), which resulted in
well-preserved fission tracks (Pellas and Storzer, 1981). Mi-
chel-Lévy (1982) found observable porosity in petrographic
thin section, but only small degrees of inferred permeability
(interconnectedness). This was taken as an indication that
Kernouvé experienced some compression and recrystalliza-
tion coincident with or after the metamorphic heating
event.

Hutson (1989) noted that several sections of Kernouvé
contain elongate metal masses, which she interpreted as a
partially obliterated metal vein. She cited the work of
Michel-Lévy (above) as an indicator of partially annealed
shock features.

Rubin (1992, 1994, 2003, 2004) included observations of
Kernouvé and inferred from various petrographic indica-
tors that the meteorite experienced an episode of shock
loading followed by annealing, although Kernouvé has a
shock stage of S1. These indicators include the presence
of large (up to cm-sized) metal veins that are the subject
of this study, chromite veinlets, and chromite-plagioclase
assemblages (Rubin, 2003, 2004). Rubin additionally cited
previous works including that of Hutson (1989) and Turner
et al. (1978) to conclude that metal veins in Kernouvé are a
manifestation of an early impact process.

Table 2
Observations and corresponding inferences for Kernouvé.

Hutchison et al. (2001) synthesized evidence for the pre-
metamorphic origin for the veins in Kernouvé including
that of Michel-Lévy (above) and an uneventful metallo-
graphic cooling history (Yang et al., 1997). They also cited
the work of Leroux et al. (1996) who argued that a pre-
metamorphic shock event injected micron-sized metal and
sulfide material into fractures in silicate crystals.

Collectively, and based on a variety of evidence, these
independent workers have produced a consistent history
of the Kernouvé H chondrite. These previous hand sample,
petrographic, two-dimensional (2D) microscopy, and
radiochronologic studies agree that Kernouvé experienced
an early tectonic event, generally interpreted as an impact,
which produced the large metallic veins as well as other
possible petrographic indicators. This event was very early
in the history of the rock, probably prior to or coincident
with thermal metamorphism on the H chondrite parent
body. Today, Kernouvé appears mildly-shocked, possess-
ing an S1 shock stage. Given these prior observations, we
will use our newly collected data to examine the nature
and intensity of the shock event that produced the metal
veins in Kernouvé. Prior and new observations of Ker-
nouvé and their implications are summarized in Table 2.

4.2. Insights into Kernouvé from 3D petrography

From the above traditional petrographic observations,
we have seen that Kernouvé appears mildly shocked, but
has indications of a complex history. While our own thor-
ough petrographic analyses have additionally confirmed
an S1 shock stage, our 3D observations also allow us to
examine the complexity of Kernouvé’s history in more
detail.

4.2.1. Porosity and compaction

The 5.8 vol.% porosity contained in Kernouvé is not
exceptionally high — ordinary chondrites with porosities
as great as ~20 vol.% are known — but we have seen that
the structure of the porosity is primarily contained within
intergranular pores rather than the microcracks that are
indicative of higher degrees of shock loading and compac-
tion (see Figs. 1 and 2; cf. Friedrich and Rivers, 2013). If

Observation References

Inference

(1) S1 character This work, 1-4
(2) Early Ar and W isotopic closure, 5-7

Pu fission tracks

(3) Low preferred orientation of metal

(4) ~5% Porosity

(5) Intergranular porosity

(6) Little microcracking in silicates

(7) Coarse metal veins present, with offsets

This work
This work, 8-12

This work

(8) Coarse metal has tendrils, complex 3D shape  This work

This work, 8 and 9

This work, 1-5, 13-15

Olivine weakly strained
No late shock heating

No late shock compaction

Some shock compaction

Little late, strong shock compaction
Microcracks annealed or never produced
Probably created by shear, possibly by
high-temperature deformation
Metamorphic growth of metal

Reference key: 1 — Rubin (1992), 2 — Rubin (1994), 3 — Rubin (2003), 4 — Rubin (2004), 5 — Turner et al. (1978), 6 — Pellas and Storzer (1981), 7
— Trieloff et al. (2003), 8 — Michel-Lévy and Ragot (1971), 9 — Michel-Lévy (1978), 10 — Wilkison and Robinson (2000), 11 — Britt and
Consolmagno (2003), 12 — Macke (2010), 13 — Michel-Lévy (1981), 14 — Hutson (1989) and 15 — Hutchison et al. (2001).
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we take 20-30 vol.% porosity (a minimum value at best) to
be a pre-metamorphic value for typical ordinary chondritic
porosity, we can surmise that at least 70-80% of the original
porosity in Kernouvé has been removed due to compaction
and possibly metamorphic recrystallization (Henke et al.,
2012). Impacts are the most efficient method of removing
porosity from an initial state (Hirata et al., 2008) in chon-
drites, as lithostatic overpressure alone in a ~100 km body
is insufficient to generate the force necessary for efficient
compression.

If Kernouvé was compacted, which the quantity of
porosity suggests, this is not manifested as a preferred ori-
entation of the ductile metal grains in the material. Fig. 3
demonstrates that the metal grains in Kernouvé possess
among the lowest degree of collective orientation of any
chondrite. While collective orientation of metal grains cor-
relates well with degree of apparent shock loading (Fig. 3),
we note that it is primarily an indicator of late stage shock-
related compaction.

Given these constraints, we put forward that Kernouvé
did experience some compaction, probably in the form of
one or more impacts, but given the low shock stage, poros-
ity structure, and lack of collective degree of metal grain
orientation, this must have happened early in the history
of the rock. Post-compaction thermal annealing reduced
the apparent petrographic shock indicators to those seen
in an S1 classification and also obliterated any preferred

Kernouvé
metal and metallic veins
(sample 1)

1 mm

orientation of typical H chondrite sized metal grains in
the material. We propose that the thermal event that pro-
duced the heat necessary for the annealing was the same
heat required for thermal metamorphism of Kernouvé to
petrographic type 6, and given the very old *Ar—*Ar age
found by Turner et al. (1978), 2°Al is the most likely source,
but some minor quantity of heat would have been gener-
ated by the impact event itself. This scenario correlates well
with those of all previous investigations of Kernouvé men-
tioned above (Section 4.1).

4.2.2. Coarse metal veins

The metal vein structures found in Kernouvé (Figs. 2, 4
and 5, EA-1 and EA-2) can be regarded as abnormally large
metal grains with a complex overall shape. The overall me-
tal abundance in the vein-containing samples is not espe-
cially high and does not indicate a significant
concentration of metal (Table 1), unlike what is seen in Por-
tales Valley (Ruzicka et al., 2005). Fig. 7 shows both the
vein metal and all other metal grains found in Sample 1
of Kernouvé. The metal veins appear to be local concentra-
tions of native H chondrite Fe-Ni metal (Fig. 7, EA-3).
Larger central parts of the interconnected “vein” grains
are generally oblate to planar, with numerous tendrils
extending from the sides and also connecting the major por-
tions of the vein structure (Figs. 4 and 5). Interestingly, the
metal veins are not generally associated with sulfide. It is

Fig. 7. A 3D representation of both vein (light grey) and typical metal grains (dark grey) in Sample 1 of Kernouvé (corresponds to EA-3).
This view is at the same orientation as the 90° view of Fig. 4. The vein structure appears to be a local concentration of metal within the
chondrite. The high concentration of typical metal grains in an H chondrite may, at first glance, make them appear to be interconnected, but
further inspection (EA-3) reveals their isolated nature. Metal veins were distinguished by their large size and completely connected structure.



80 J.M. Friedrich et al./ Geochimica et Cosmochimica Acta 116 (2013) 71-83

conceivable that metal and troilite were present together in
the veins originally, but that these became separated, during
immiscible separation or during crystallization. If the metal
veins possessed a less complex linear structure, a later stage
impact origin would be viable, but the complexity of the
shape belies a recent history: thermal metamorphism has
likely played a role in the attaching of tendrils and impart-
ing a coarse structure onto the veins.

Sufficient time was available for creating the complex
shape of the grains, and growth during metamorphism is
known to increase the size of metal grains in ordinary chon-
drites. We have no metallographic cooling rates for the
veins within Kernouvé; however, we see no reason to reject
an assumption that the veins followed the same cooling tra-
jectory as the smaller metal grains. This assumption is sup-
ported by the absence of brecciation textures, and we see no
evidence for infiltration of metal following metamorphism
(also see Reisener and Goldstein, 2003). Metal grains in
Kernouvé have been heated above the kamacite-taenite
transition of about 700 °C (Holland-Duffield et al., 1991).
During slow cooling, kamacite grows within the taenite
and the rate of cooling can be derived from the composition
of the metallic grains. Using this, researchers have deter-
mined metallographic cooling rates in Kernouvé to be
~17 °C/Ma (Holland-Duffield et al., 1991; Yang et al.,
1997; Reisener and Goldstein, 2003). Following cooling be-
low 400 °C, the metal grains were not heated above the
kamacite-taenite transition: Kernouvé had a very unevent-
ful life following the early compaction and vein formation
event(s). Thus, a pre-metamorphic or syn-metamorphic ori-
gin for both the veins and compaction structure seems
likely. Finally, we note that the compaction and vein for-
mation events may have been simultaneous or temporally
separated: our data are unable to distinguish between the
two possibilities. Both scenarios are possible.

4.3. Shear as a metal vein formation mechanism in Kernouvé

Mechanisms for the concentration of metal in chon-
dritic materials can be split into two categories: (1) par-
tial melting of a Fe,Ni-FeS eutectic during heating with
movement of liquid into fractures and (2) shear deforma-
tion involving ductile accumulation of metal grains. The
former can involve several means of melting the metal—
troilite mixture, including either shock-related or non-col-
lisional (static) heat sources, and this can act on a variety
of scales.

The first possibility, invoking a static heat source, was
proposed for creating the cm-scale metal and troilite vein
structures in the Monument Draw acapulcoite by McCoy
et al. (1996) and the similar scale metal-rich areas in Por-
tales Valley H7 chondrite (Pinault et al., 1999). However,
this mechanism should produce a metal-troilite eutectic
mixture which would be reflected in the resulting mineral-
ogy, but this clearly is not observed in Kernouvé. Veins
in Kernouvé cannot be explained this way without further
separation of metal from troilite, but supersolidus immisci-
bility or crystallization could, in principle, segregate Fe—Ni
metal and FeS. However, there is no evidence that Ker-
nouvé was metamorphosed beyond petrographic type 6,

whereas the meteorite examples given above experienced
higher temperatures.

Collisional heating with the injection of Fe, Ni-FeS lig-
uids into silicate cracks at high temperatures generally acts
on smaller scales (um) than is seen in the vein structures of
Kernouvé. Leroux et al. (1996) argued that a pre-metamor-
phic shock event within Kernouvé caused injection of a me-
tal and sulfide rich liquid into an open fracture network
within silicate crystals. This was used by Hutchison et al.
(2001) as a formation mechanism for the metal veins in
Kernouvé. However, the Leroux et al. (1996) study focused
on tiny (sub um to um sized) Fe,Ni-FeS materials purport-
edly squeezed into fractures within the silicates. The work
of Leroux et al. (1996) was not necessarily meant to indicate
an origin for the larger metallic vein structures found in
Kernouvé, but nonetheless it may be applicable. It is known
that shock at higher temperatures can form larger-scale me-
tal structures. Ruzicka et al. (2005) surmised an ambient
temperature of about 900 °C for Portales Valley at the time
of shock. Metal nucleated in the vein from Fe,N-FeiS lig-
uids, and continued growing, pushing troilite into the adja-
cent host. This mechanism could result in contiguous
troilite in the meteorite, which is not seen in Kernouvé.

Although the coarse metal veins in Kernouvé are com-
posed entirely of metal, unlike the much smaller metal-troi-
lite “injections”, we cannot completely rule out a similar
injection origin for the coarse veins followed by metal
and troilite separation due to immiscibility or during crys-
tallization. Given especially that the porosity and physical
structure of Kernouvé prior to the formation of the metal
veins is unknown, it is conceivable that squeezing of hot
metal-rich material could yield the structures seen in Ker-
nouvé. However, the squeezing of metal into fractures man-
dates that a fracture (or high permeability porosity)
network exists: if no prior fracture network exists for the
metal to flow into, vein formation by this mechanism would
be impossible. If blocks of indurated material were present
within a primordial H chondrite parent, another mecha-
nism, perhaps acting in conjunction with squeezing for
vein-like metal grain formation may be more efficient than
squeezing alone: shear. Such a mechanism would addition-
ally account for the roughly planar shapes (and offsets) of
metal veins seen in Kernouvé (Figs. 4 and 5, EA-1 and
EA-2).

Shear deformation with accompanying accumulation is
a means of concentrating Fe-Ni metal and sulfide into
veins. The enhanced ductility of these phases allows for vein
structures to be formed as either a solid or liquid. Bruhn
et al. (2000), Nakamura et al. (2000), van der Bogert
et al. (2003), Groebner and Kohlstedt (2006), and Rushmer
et al. (2000, 2005) have shown the feasibility of impact and
shear deformation as a mechanism for vein formation at
scales ranging from pm to mm. Metal concentration via
shear would be enhanced at high temperatures during
deformation. Nakamura et al. (2000) found the largest con-
centration (~2mm area) of metal and sulfide by shock
deformation at 600 °C in an experimental CV chondrite
charge.

We propose a shear mechanism for the initial concentra-
tion of vein metal seen in Kernouvé. Semi-consolidated
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blocks of porous material were disturbed by an impact
causing a physical concentration of metallic phases upon
their faces due to lateral motion between the blocks. In this
scenario, the enhanced ductility of metal compared to sili-
cate is considered to be a key property that enabled metal
to concentrate in vein-like structures. Such ductility would
be greatly enhanced if the target were already warm. Thus,
the coarse metal vein formation would have been facilitated
by a shock event while metamorphism was occurring. Be-
sides shearing, a more uniaxial compression or squeezing
is needed to account for the porosity seen in Kernouvé.
Such uniaxial compression could have occurred during
the same deformation event that resulted in shear or it
could have occurred in a different event.

4.4. Constraints on the deformation history of Kernouvé

We here summarize and expand on the discussion pre-
sented above, with Table 2 listing eight pertinent observa-
tions and inferences that bear on the thermal and
deformation history of Kernouvé.

The S1 character, early isotopic closure, low preferred
orientation of typical metal grains, and presence of large
intergranular voids in the meteorite (observations or obs.
1,2,3,5—Table 2) are all consistent with Kernouvé having
experienced little late shock deformation. On the other
hand, the presence of moderate (~5 vol.%) indigenous
porosity, absence of significant numbers of microcracks,
presence of coarse metal veins, and complex 3D shape of
the veins (obs. 4, 6, 7, 8 — Table 2) are all consistent with
early deformation that was followed by annealing, reflect-
ing either pre-metamorphic or syn-metamorphic deforma-
tion. We suggest that syn-metamorphic deformation can
best explain the coarse veins, consistent with the results of
experiments that show that metal mobilizes readily into
intergranular veins when deformation occurs at elevated
temperatures (Nakamura et al., 2000; Rushmer et al.,
2000, 2005; Groebner and Kohlstedt, 2006). Either pre-
or syn-metamorphic deformation can also explain the Sl
character of the Kernouvé, if optical evidence for strain
in olivine was reduced by annealing or high temperature
effects.

Metamorphic redistribution of metal can explain both
the complex 3D shape of metal as well as the destruction
of any preferred orientation of typical-sized metal grains
(obs. 8 and 3, Table 2). Such redistribution could poten-
tially also relate to the presence of large intergranular void
spaces (obs. 5, Table 2), if metal migrated from smaller to
coarser grains to leave voids behind. Although movement
of metal out of voids is consistent with the sizes of the inter-
granular pores, which are similar to typical smaller metal
grains, we have not discerned any spatial relationship be-
tween voids and coarse metal to indicate movement of me-
tal from one to the other.

The deformation that resulted in the veins and the mod-
erate porosity (obs. 7 and 4, Table 2) could reflect the same
shock event. This shock event was sufficiently strong to re-
duce porosity, but not so strong as to reduce porosity much
below the ~5 vol.% value found in the meteorite. Based on
shock experiments (Hirata et al., 2008; Nakamura et al.,

2000), shock events with peak pressures of only ~2-
3 GPa (corresponding to shock stage S1) are able to signif-
icantly reduce porosity, but to obtain ~5 vol.% porosity
from an initially porous material requires a peak pressure
of ~21-22 GPa (shock stage S3/S4 transition, Stoffler
et al., 1991). Thus one might infer a shock pressure of
~21-22 GPa for Kernouvé. This value is uncertain as it as-
sumes no change in porosity during annealing, experimen-
tal conditions that match those experienced by Kernouvé,
and target materials that deform in the same way. Although
the first assumption is probably valid, considering that
metamorphism probably occurred under low-pressure con-
ditions, the second and third assumptions may not be. In
particular, if temperature of deformation was higher than
used in the experiments (room temperature to ~600 °C),
such as at a peak metamorphic temperature of 800-
900 °C, one might obtain more compaction for a particular
peak pressure, as grains would be more ductile and likely to
flow. Also, multiple weak impacts could result in relatively
more compaction. Finally, the target materials used in the
experiments (the metal-poor, matrix-rich Allende CV chon-
drite) may not have responded in the same way as a metal-
rich, matrix-poor ordinary chondrite. These considerations
suggest that the veins and porosity in Kernouvé could have
formed by one or more shock events that involved
<21 GPa peak shock pressure, but better estimates of the
pressure value could be obtained by repeating shock exper-
iments using an H chondrite charge over a larger tempera-
ture range.

4.5. Implications for shear-produced metal veins in Kernouve

Shear deformation is believed to be an important aspect
for differentiation of planetesimals (Bruhn et al., 2000;
Rushmer et al., 2000, 2005; Groebner and Kohlstedt,
2006; Hustoft and Kohlstedt, 2006; Rushmer and Petford,
2011). It has been demonstrated that shear deformation,
such as may be produced via planetary impacts, can pro-
duce interconnected networks of metal within silicates
much like those seen within the metallic vein structures of
Kernouvé (Bruhn et al., 2000; Groebner and Kohlstedt,
2006). We also note that in the Bruhn et al. (2000) and
Groebner and Kohlstedt (2006) experiments, metal segre-
gated into melt-enriched zones completely in the plastic
flow regime without the fracturing of silicate. These obser-
vations are similar to what we propose for the formation
metal veins in Kernouvé. The formation of these networks
increases the permeability of metal melts within silicate
matrices and allows for core formation within the time
frames mandated by isotopic constraints. Our studies of
Kernouvé provide further evidence for shear deformation
on chondritic parent bodies and suggest that collision-in-
duced interconnected metal networks were forming at an
early stage in planetesimals.

The total physical scale of the shear-produced metal
veins produced by this mechanism is uncertain. In our sam-
ples, the total scale is in the cm range, but the effect (pro-
duction of multiple mm-wide concentrations of metal)
was probably an order of magnitude larger. Metal concen-
tration areas stretch for at least decimeters. We have no
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spatial provenance for the metal vein structures between
our AMNH and USNM samples, which were likely derived
from adjacent areas of the same rock. We also have no
provenance for the metal structures in other samples of
Kernouvé where metal veins have been shown to exist
including the UCLA LC884 or NHM specimens (see
Hutchison et al., 2001; Rubin, 2003, 2004). Although it
would be informative for our hypothesis to show that metal
veins among these samples were coplanar, we do not have
this information. We do note, however, that similar veins
in the 29 kg Butsura H chondrite (Hutchison et al., 2001)
that would be large enough to encompass large samples,
and at different institutions (see Section 3.2). Our proposed
shear-based mechanism, operating on the cobble to boulder
scale, is consistent with observed metal veins found in these
hand samples and this mechanism may have been operating
at a time when planetary differentiation was occurring in
other planetesimals.

5. CONCLUSIONS

Kernouvé is an H6 chondrite that has experienced a
very small degree of late stage shock loading. However,
there is evidence for early impact deformation followed
by annealing: the moderate 5.8 vol.% porosity implies
some shock compaction, and the porosity is in the form
of intergranular voids rather than cracks, which indicates
any cracking that may have existed in the relatively brittle
silicate grains was annealed. We estimate that 70-80% of
the primordial porosity in Kernouvé was removed by im-
pact-related compaction. However, we found no collective
orientation of metal grains, so high metamorphic temper-
atures erased any common orientation of metal grains
due to compaction. The impact conditions, including pos-
sibly a high ambient temperature, allowed metal to local-
ize on cm-scales within the parent body, creating metallic
vein-like structures which have survived largely unaffected
since their creation and cooling. Given the above evidence
and shape of these structures, we propose that they can
be explained as a pre- or syn-metamorphic shock-induced
process, which we infer was primarily shear deformation
coupled with some uniaxial compression for the removal
of porosity. The peak pressure of the vein-forming,
porosity-reducing shock event was likely <21 GPa. The
complexity of shape, including numerous tendrils expand-
ing from the primary structure, of the veins in Kernouvé
is due to the additional coalescence of metal after the
shear event. The metal veins in Kernouvé record evidence
for shock-induced metal mobilization processes that
were potentially important for enabling planetesimal
differentiation.
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